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Abstract: Thermal performance and pressure drop of TiO2-H2O nanofluids in 11 
double-tube heat exchangers are investigated. The influence of the thermal fluid 12 
(water) volume flow rates (qv=1-5L/min), nanoparticle mass frictions (ω=0.0%, 0.1%, 13 
0.3% and 0.5%), nanofluids locations (shell-side and tube-side), Reynolds numbers of 14 
nanofluids (Re=3000-12000), and the structures of inner tubes (smooth tube and 15 
corrugated tube) is analyzed. Results indicate that nanofluids (ω=0.1%, 0.3% and 16 
0.5%) can improve the heat transfer rate by 10.8%, 13.4% and 14.8% at best 17 
compared with deionized water respectively, and the number of transfer units (NTU) 18 
and effectiveness are all improved. The pressure drop can be increased by 51.9% 19 
(tube-side) and 40.7% (shell-side) at best under the condition of using both nanofluids 20 
and corrugated inner tube. When the nanofluids flow in the shell-side of the 21 
corrugated double-tube heat exchanger, the comprehensive performance of 22 
nanofluids-side is better than that of the smooth double-tube heat exchanger. 23 




A  heat transfer surface area, m
2
 27 
cp specific heat, J⋅kg
-1⋅K-1 28 
d equivalent diameter, m 29 
f the frictional resistance coefficient 30 
h the overall heat transfer coefficient, W/ m
2 
K 31 
L  length of tube, m
 
32 
m the mass flow rate of the hot water, kg/s 33 
NTU number of transfer units 34 
P  pressure, Pa 35 
ΔP  pressure drop, Pa 36 
qv the volume flow rate of the hot water, L/min 37 
Q the heat transfer rate, W 38 
Re  Reynolds number 39 
T the fluid temperature, K 40 
ΔTm the logarithmic mean temperature difference, K 41 
u   velocity, m/s 42 
Greek symbols 43 
δ  wall thickness of tube, m 44 
   effectiveness 45 
   density, kg/m3 46 
ω  mass fraction 47 
Subscripts 48 
ave  average 49 
in  inlet 50 
min  minimum  51 
max maximum 52 
nf  nanofluids 53 
out  outport 54 
w  thermal water 55 
3 
1 Introduction 56 
Nanofluids, as heat transfer medium, have been applied into various fields 57 
because of their excellent thermal performance. Many investigators not only 58 
measured the thermal conductivity [1, 2, 3], but also developed some empirical 59 
formulas of thermal conductivity [4, 5, 6, 7], a more detailed review of the research 60 
on the preparation methods and thermal property parameters of nanofluids can be 61 
found in the literature [8]. Furthermore, for the practical application of nanofluids, a 62 
guideline for the selection of nanofluids has also been studied [9]. The application 63 
fields of nanofluids mainly including full-spectrum photo-thermal conversion [10, 11], 64 
tunable and recyclable photovoltaic/thermal applications [12, 13], vapor generation by 65 
different nanoparticles or nanofluids (Fe3O4@CNT nanoparticles [14], 66 
carbon-nanotube nanofluids [15], graphene oxide nanofluids [16] and MCE/HP/Au 67 
mixed nanoparticles [17]), boiling heat transfer [18], thermal energy storage [19, 20], 68 
CPU cooling [21, 22, 23, 24], microchannel [25, 26], heat pipe [27, 28], and so on. 69 
In the field of heat exchange equipment, there are two crucial heat transfer 70 
methods: free convection and forced convection. For free convection, lots of 71 
researches have been reported by published literatures. Shi et al. [29] performed an 72 
investigation on the free convection of Fe3O4@CNT nanofluids in a rectangular cavity 73 
under magnetic field conditions using experimental and numerical simulation 74 
methods. Results indicated that the direction of magnetic field can regulate the 75 
thermal performance of nanofluids. Selimefendigil et al. reported on a numerical 76 
method which was used to study the free convection of CNT-water nanofluids in a 77 
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two-dimension enclosure with corrugated partition [30] and three kinds of nanofluids 78 
in a three dimensional cavity with rotating circular cylinders [31] respectively. It was 79 
discovered that the thermal performance of nanofluids decreases with the height of the 80 
triangular waves in the two-dimension enclosure, and the rotational direction of 81 
circular cylinders also has a significant role in heat transfer. Sajjadi et al. [32] 82 
represented a numerical simulation study on the free convection of 83 
MWCNT-Fe3O4/water nanofluids in a square cavity full of porous media. Results 84 
showed that the increasing Darcy number and porosity can enhance the thermal 85 
performance. The natural convection of nanofluids in various cavities is widely 86 
researched. For example, nanofluids in an inclined cavity [33], an open cavity [34], an 87 
open inclined cavity [35], a cavity with a heat-generating element [36], a tilted porous 88 
cavity [37], a baffled U-shaped enclosure [38], a three dimensional porous cavity [39], 89 
a annular cavity filled with porous media under electric field [40], a semi annulus [41], 90 
and a square cavity full of a porous foam [42]. The influence of Rayleigh number, 91 
nanoparticle concentration, porous layer, cavity inclination angle, heat source location, 92 
and cavity aspect ratio on the thermal performance was analyzed. Results presented 93 
that nanofluids have more excellent heat transfer compared with base fluid. 94 
Also, many studies have been conducted on the forced convection. Xu et al. [43] 95 
reported on a numerical simulation method which was obtained to study the flow and 96 
thermal performances of Al2O3-H2O nanofluids flowing through a channel filled with 97 
Cu metal-foam. It was obtained that thermal performance of nanofluids in metal foam 98 
is effectively improved at the expense of a large increase in pressure drop. Mohebbi et 99 
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al. [44] adopted a lattice Boltzmann method to research the forced convection of three 100 
kinds of nanofluids (CuO, Al2O3 and TiO2) flowing through a channel with blocks at 101 
the top and bottom of wall. Conclusions indicated that as the space between the 102 
blocks decreases, the thermal performance increases. Karimi et al. [45] applied 103 
MgO-MWCNTs/EG nanofluids into heat exchanger, and results indicated that 104 
nanofluids with concentration 1% can improve the thermal performance by 20%, but 105 
the pressure drop also increases. Tirandaz et al. [46] performed a numerical 106 
investigation to research the forced convection in a helical annulus filled with a 107 
porous medium. And two different boundary conditions is considered. Conclusions 108 
indicated that the Nusselt number is insensitive to the second-order torsion of the 109 
dimensionless curvature, and the enhancement of the Nusselt number is more 110 
pronounced at higher curvature values. Mehrali et al. [47] performed an experimental 111 
study on the thermal performance and flow characteristic of grapheme nanoplatelet 112 
nanofluids in a stainless steel tube, and obtained that the thermal performance of 113 
nanofluids can be improved by 83-200% compared with base fluid. In addition to the 114 
analysis of quantity of energy, Mehrali et al. [48, 49] also investigated the entropy 115 
generation of nanofluids under forced flow from the quality. Moradikazerouni et al. 116 
[50] carried out a numerical method to investigate the convection performance of 117 
γ-AlOOH nanofluids in a wavy channel, and explore the influence of the Reynolds 118 
number, amplitude of wavy channel and nanoadditive fraction. Mirzaei et al. [51] 119 
investigated the thermal performance of Al2O3-H2O nanofluids under laminar flow in 120 
micro channel and obtained that the influence of the variable is obviously, and the 121 
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influence of temperature variation on thermal performance cannot be neglected. Sun 122 
et al. researched the thermal performance of nanofluids in an external thread tubes 123 
which own a built-in twisted belt [52], plate heat exchanger [53], and copper tubes [54] 124 
respectively. Results proved that Reynolds number and nanoparticle concentration are 125 
all positive factors for the thermal performance improvement. Sheikholeslami et al. 126 
carried out a study on the heat exchanger enhancement and flow characteristics of 127 
nanofluids in a double-tube heat exchanger [55], a porous semi annulus [56], a porous 128 
lid driven cubic cavity [57], a three dimension square cavity [58], and an annular 129 
cavity [59, 60], explored the influence of nanoparticle fraction and magnetic field on 130 
thermal exchange, and found that these factors can effectively improve the thermal 131 
performance. Ranjbarzadeh et al. [61] carried out an empirical analysis method to 132 
investigate the thermal performance and flow characteristic of nanofluids in an 133 
isothermal pipe under forced convection condition. Results showed that nanofluids 134 
can improve the thermal performance by 40.3% compared with base fluid. 135 
Moradikazerouni et al. [62] studied the influence of the entrance channel shapes on 136 
the heat transfer enhancement in a micro-channel heat sink using a numerical method, 137 
and results showed that the triangular shape provides the best thermal performance in 138 
the five channel configurations. Dehghan et al. [63] represented an investigation on 139 
the thermal performance in microchannels enhanced by porous materials and obtained 140 
that the comprehensive evaluation of heat transfer and pressure drop can be 141 
effectively enhanced by inserting a thin porous insert. Dehghan et al. [64] also 142 
investigated the influence of Al2O3-water nanofluids on the forced convection in a 143 
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microchannel heat sink using a numerical simulation. Nojoomizadeh et al. [65] 144 
carried out an numerical method to explore the effects of permeability on the forced 145 
convection of nanofluids in a micro channel, the investigation indicated that the 146 
thermal performance increases with the decreasing permeability. Moradikazerouni et 147 
al. [66] reported a numerical simulation method which was used to study the influence 148 
of laminar forced convection on the heat transfer enhancement in a CPU heat sink, 149 
compared with convection-radiation, the pure convection has less thermal 150 
performance improvement. Ranjbarzadeh et al. [67] represented an experimental 151 
investigation on the forced convection of nanofluids in a copper tube and obtained 152 
that Nusselt number can be increased by 51.4% compared with water. Biglarian et al. 153 
[68] reported on a study to explore the forced convection of various nanofluids (Cu, 154 
Ag, Al2O3, TiO2) and obtained that Cu nanofluids show the largest enhancement ratio. 155 
Many enhanced tubes and nanofluids are applied to enhance the thermal performance. 156 
Naphon et al. reported an investigation on the thermal performance and pressure drop 157 
of nanofluids in a helically corrugated tube [69], a micro-fins tube [70], a spirally 158 
coiled tube [71], and a micro-channel heat sink [72]. Qi et al. also did lots of work in 159 
enhanced tubes, for example, spiral tubes [73], corrugated tubes [74, 75, 76], 160 
triangular tubes [77, 78], a circular tube with rotating twisted [79], a horizontal 161 
elliptical tube [80]. From above references, it was found that nanofluids can all 162 
improve the thermal performance at the expense of a significant increase in pressure 163 
drop. Therefore, scholars have also done some work on the comprehensive 164 
assessment of the heat transfer enhancement and flow resistance [81, 82, 83]. 165 
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From above studies, researchers mainly focus on the flow characteristic and 166 
thermal performance of nanofluids in a single enhanced tube. However, there are few 167 
published literatures on the application of nanofluids and enhanced tube into 168 
double-tube heat exchanger. The research proposal of this paper is to study the 169 
thermal performance and pressure drop of TiO2-H2O nanofluids in the corrugated 170 
double-tube heat exchanger using experimental method, and the innovations are as 171 
follows: Corrugated tube is applied in the tube-side instead of smooth tube; Effects of 172 
nanofluids location, nanoparticle mass fraction and thermal fluid flow rate on the 173 
thermo-hydraulic performances of nanofluids in the double-tube heat exchanger are 174 
investigated based on thermal efficiency assessment; The effectiveness and the NTU 175 
of double-tube heat exchanger are analyzed. 176 
2 Experimental Method 177 
2.1 Nanofluids preparation and stability 178 
In this experiment, TiO2 nanoparticle and deionized water (base fluid) are 179 
selected to prepare TiO2-H2O nanofluids with mass fractions (=0.0wt%, 0.1wt%, 180 
0.3wt% and 0.5wt %) using two-step method. The preparation process is as follows: 181 
Firstly, TDL-ND1 dispersant is added into the deionized water while stirring the 182 
mixture fluid with a mechanical stirrer. TiO2 nanoparticles are then added to the mixed 183 
solution, and NaOH solutions are also added to adjust the pH of the mixed solution to 8, 184 
at the same time, both mechanical and magnetic are used to stir in order to fully 185 
disperse the particles in the mixed solution. Finally, ultrasonic vibration is applied to 186 
the mixed solution using an ultrasonic vibrometer. So TiO2-H2O nanofluids are 187 
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obtained. 188 
Although nanofluids have better heat transfer enhancement effects, the stability 189 
and economics of nanofluids are currently the main problems and shortcomings. 190 
Hence, the details on the stability and thermophysical parameters of TiO2-H2O 191 
nanofluids have been investigated in previous published reference [80]. The prepared 192 
nanofluids have good stability after standing for 20 days. 193 
2.2 Experimental system  194 
The schematic diagram and the real experimental setup of the corrugated 195 
double-tube heat exchanger experimental setup are shown in Fig. 1 and Fig. 2 196 
respectively. The experimental setup consists of a test section, a low-temperature 197 
thermostat bath, a hot water tank, two pumps, two valves, two flow meters and 198 
collection tanks. The inner tube (corrugated tube) in test section is made of stainless 199 
steel with Dmax=15.8mm and Dmin=11.2mm, the wall thickness is δ=0.25mm, while 200 
the outer shell is made of PVC with 32mm outer diameter and 28mm inner diameter. 201 
The total length of double-tube heat exchanger is 1200mm. Insulating layer covered 202 
on the outer tube is adopted to prevent the heat loss. There are two working fluids 203 
including thermal fluid (deionized water) and cold fluid (TiO2-H2O nanofluids) in the 204 
two circulation closed units. The pressure drop and temperatures of the thermal fluid 205 
and nanofluids are measured by differential pressure transmitters (type: MIK-3051, 206 
pressure measuring range: 0-1KPa and 0-5KPa) and four thermocouples, which are 207 
installed in the import and export of the heat exchanger. A date acquisition instrument 208 
(type: 34972A, manufacturer: Agilent) is used to collect the temperature date. 209 
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Furthermore, a low-temperature thermostat bath (type: DC-2030A, accuracy: ±0.05°C) 210 
is adopted to keep the cold fluids (nanofluids) temperature constant, and the thermal 211 
fluid (deionized water) temperature is regulated by a hot water tank with a thermostat 212 
(type: DC-2030A, accuracy: ±0.05°C). And the smooth double-tube heat exchanger 213 
only has the difference of inner tube type. In addition, the boundary conditions of the 214 



















Fig. 1. Schematic diagram of the experimental system 217 
  218 
Fig. 2. The experimental system of the corrugated double-tube heat exchanger 219 
The experimental procedure is as follows: 220 
(1) Place the nanofluids in the low-temperature thermostat bath and deionized 221 
water in the hot water tank, and set the temperature to the desired value. 222 
(2) Open the all valves, flow meters and pumps of the experimental system, two 223 
kinds of working fluids begin to circulate in the two loops, and carefully check the 224 
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experimental system for leakage. 225 
(3) Open the differential pressure transmitters, date acquisition instrument and 226 
computer, collect date of the import and export of the two loops, perform more than 227 
three experiments on each experimental condition and record the experimental dates.  228 
(4) When the experiment is completed, turn off the high-power thermostat, then 229 
turn off the pumps and date acquisition instrument, finally turn off the main power. 230 
Table 1 Boundary conditions of the experiment 231 

























Heat transfer surface 
2.3 Experimental data processing 232 
The average heat exchange capacity from thermal fluid (deionized water) to cold 233 
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3 Results and discussions 248 
3.1 Experimental system validation 249 
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Fig. 3. Comparison between the experimental results and other results in published 251 
references, (a) Nu, (b) f 252 
Before beginning to study the characteristics of the thermal performance and 253 
pressure drop, an analysis of the reliability and accuracy of the experimental setup is 254 
required. Nusselt number are obtained using “Wilson plots” method [84], and the 255 
comparison of the Nusselt number between this experiment and the published 256 
reference [85] is shown in Fig 3(a). It can be found that the experimental results are in 257 
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good agreement with the published reference, and the maximum difference between 258 
them is around 5.57%. Fig. 3 also shows the resistance coefficient comparison 259 
between this experiment and published reference [86]. Results show that the errors are 260 
within 4.58%. The above studies can verify the reliability and accuracy of this 261 
experimental system.  262 
3.2 Error analysis 263 
Based on the root-sum-square method presented by Kline [87], the errors of 264 
physical parameters can be calculated from following equations (9-11), and the results 265 
are shown in Table 2. It is indicated that the maximum uncertainties in the resistance 266 
coefficient, NTU and effectiveness are ±1.18%, ±1.77%, and ±2.06% respectively. 267 
2 2 2 2+ +
δNTU δQ δl δm δT
NTU Q l m T
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Table 2 Errors of each section in the experiment 271 
δQ/Q δT/T δΔp/Δp δl/l δm/m δNTU/NTU δε/ε Δf/f 
±1.0% ±1.0% ±0.5% ±0.1% ±1.06% ±1.77% ±2.06% ±1.18% 
3.3 Experimental results and discussions 272 
3.3.1 Shell-side water and tube-side nanofluids 273 
In the experimental study of the smooth and corrugated double-tube heat 274 
exchangers, the heat transfer medium in tube-side is TiO2-H2O nanofluids with 275 
different mass fractions =0.0%, 0.1%, 0.3% and 0.5%, and the inlet temperature is 276 
20℃. The shell-side working fluid is the thermal fluid (deionized water) with an inlet 277 
temperature of 40℃. The Reynolds numbers of the nanofluids range from 3000 to 278 
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12000, and the thermal fluid volume flow rates range from 1L/min to 5L/min in this 279 
experiment. 280 
3.3.1.1 Heat transfer rate 281 
Fig. 4 and Fig. 5 show the influence of Nanofluids mass fraction on the heat 282 
transfer rate of smooth and corrugated double-tube heat exchangers, and Fig. 6 is a 283 
summary graph on the heat transfer rate changes with velocity. 284 














































































































Fig. 4. Effects of nanoparticle mass fraction on the heat transfer rate of the smooth 288 
double-tube heat exchanger, (a) qv=1L/min, (b) qv=2L/min, (c) qv=3L/min, (d) 289 
qv=4L/min, (e) qv=5L/min 290 
It is indicated that the increase of Reynolds number (velocity) promotes the 291 
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improvement of the heat transfer rate, and using both the nanofluids and corrugated 292 
tube can effectively improve the heat transfer rate. In the corrugated double-tube heat 293 
exchanger, the heat transfer rate with =0.1%, 0.3%, 0.5% can be improved by 10.8%, 294 
13.4% and 14.8% at best compared with deionized water respectively. There are two 295 
main reasons to explain this enhancement. Nanofluids have greater thermal 296 
conductivity than deionized water, also nanofluids have stronger Brownian motion 297 
compared to deionized water [88].  298 





















































































































Fig. 5. Effects of nanoparticle mass fraction on the heat transfer rate of the corrugated 302 
double-tube heat exchanger, (a) qv=1L/min, (b) qv=2L/min, (c) qv=3L/min, (d) 303 
qv=4L/min, (e) qv=5L/min 304 
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The effects of the thermal fluid volume flow rates are also showed in Figs. 4-6. It 305 
is indicated that the increase of thermal fluid flow rate promotes the increase of the 306 
heat transfer rate. However, the enhanced heat transfer capacity of nanofluids shows 307 
slightly larger compared with deionized water when the thermal fluid flow rates are 308 
larger. The heat transfer rate of nanofluids is improved slightly with the increase of 309 
the thermal fluid flow rate.  310 
In the smooth double-tube heat exchanger, take =0.1% as an example, the heat 311 
transfer rate can be improved by 8.29%, 8.56%, 8.7%, 9.13% and 9.49% at best 312 
compared with deionized water when the volume flow rates range from 1L/min to 313 
5L/min. Furthermore, Figs. 4-6 also manifest that the improvement in heat transfer 314 
rate is more pronounced as the increasing thermal fluid flow rate, which causes more 315 
efficient heat transfer between the nanoparticles and the inner tube surface, but the 316 
increase is not large. And when the volume flow rates range from 1L/min to 5L/min, 317 
the heat transfer rate of the corrugated double-tube heat exchanger can be improved 318 
by 9.76%, 10.16%, 10.31%, 10.64% and 10.88% at best compared with deionized 319 
water, which indicates that the disturbing effect of the corrugated tube also increases 320 
the probability of mutual collision between the nanoparticles, so that the thermal 321 
performance is further strengthened. 322 
Comparison of the heat transfer rate between two kinds of heat exchangers can 323 
be also obtained from Figs. 4-6. The heat transfer rate is much better in the corrugated 324 
double-tube heat exchanger, and it can be improved by 47.1% at best under the same 325 
condition. 326 
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Fig. 6. The summary graph on the heat transfer rate with velocity, (a) smooth tube, (b) 328 
corrugated tube 329 
3.3.1.2 NTU 330 
In a heat exchanger, the main indexes for the thermal performance are the 331 
number of transfer units (NTU) and effectiveness. Hence, the two enhancement 332 
indexes will be analyzed and discussed in the following section. 333 
Fig. 7 and Fig. 8 show the variations of NTU in the smooth and corrugated 334 
double-tube heat exchangers, and Fig. 9 is a summary graph on NTU with velocity. As 335 
displayed in Fig. 7 and Fig. 8, the trends of the NTU are more diverse compared with 336 
Fig. 4 and Fig. 5. NTU shows the effects of the relationship between the flow rates of 337 
the thermal fluid and cold fluid on the overall thermal performance of the heat 338 
exchanger, so its value is also related to the relative flow rates of the two kinds of 339 
working fluids. 340 
When the thermal fluid flow rates are 1L/min and 2L/min, as the Reynolds 341 
number increases, the NTU of the two kinds of double-tube heat exchangers all 342 
increases. But when volume flow rates are from 3L/min to 5L/min, the NTU shows a 343 
trend of decreasing firstly and then increases. This phenomenon can be explained by 344 
formula (6). From formula (6), it can be found that the NTU is related to the minimum 345 
flow rates of the nanofluids and thermal fluid. The thermal fluid flow rate in the 346 
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downward trend is smaller than the cold fluid flow rate, and in the upward trend, the 347 
cold fluid flow rate is greater than the thermal fluid flow rate, in theory, the lowest 348 
point occurs when the two fluids flow rate are the same. And as displayed in Figs. 7-8 349 
(c), (d) and (e), as the flow rate of thermal fluid increases, the NTU shows a 350 
downward trend and the lowest point also moves toward the high Reynolds number. 351 












































































































Fig. 7. Effects of nanoparticle mass fraction on NTU of the smooth double-tube heat 355 
exchanger, (a) qv=1L/min, (b) qv=2L/min, (c) qv=3L/min, (d) qv=4L/min, (e) 356 
qv=5L/min 357 
Furthermore, with the increase of the nanofluids mass fraction, the NTU also 358 
increases correspondingly, which indicates that nanofluids can improve the heat 359 
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exchange capacity of heat exchangers. The NTU of the corrugated double-tube heat 360 
exchanger with ω=0.1%, 0.3%, 0.5% can be improved by 10.7%, 12.6% and 13.6% at 361 
best compared with deionized water respectively. Comparative analysis of the NTU in 362 
the two kinds of heat exchangers can be also obtained from Figs. 7-9, the NTU of the 363 
corrugated double-tube heat exchanger is higher, and it can be improved by 47.5% at 364 
best under the same condition. 365 















































































































Fig. 8. Effects of nanoparticle mass fraction on NTU of the corrugated double-tube 369 
heat exchanger, (a) qv=1L/min, (b) qv=2L/min, (c) qv=3L/min, (d) qv=4L/min, (e) 370 
qv=5L/min  371 
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Fig. 9. The summary graph on the NTU with velocity, (a) smooth tube, (b) corrugated 373 
tube 374 
3.3.1.3 Effectiveness 375 
Effectiveness shows a similar trend with NTU. Fig. 10 and Fig. 11 show the 376 
influence of nanofluids mass fraction and the thermal fluid volume flow rates on the 377 
effectiveness of the smooth and corrugated double-tube heat exchangers respectively, 378 
and Fig. 12 is a summary graph on effectiveness changes with velocity. It is indicated 379 
that when the thermal fluid flow rate is larger, the effectiveness decreases, which 380 
means that when the Reynolds number of nanofluids is constant, increasing the 381 
thermal fluid volume flow rate can improve the heat transfer rate, but it does not 382 
necessarily improve the effectiveness. This phenomenon can make the industry to 383 
obtain the actual thermal performance required by adjusting the flow rates of thermal 384 
fluid and nanofluids. 385 
Under the strengthening effect of nanofluids, the effectiveness of the two kinds 386 
of double-tube heat exchangers has been improved. Taking the thermal fluid in 387 
shell-side with a volume flow rate of 5L/min and a Reynolds number of 9000 in 388 
tube-side as an example, it can be found that TiO2-H2O nanofluids with =0.1%, 0.3% 389 
and 0.5% can improve the effectiveness from 31.1% to 33.4%, 33.8% and 34.1% 390 
respectively compared with deionized water. 391 
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Fig. 10. Effects of nanoparticle mass fraction on the effectiveness of the smooth 395 
double-tube heat exchanger, (a) qv=1L/min, (b) qv=2L/min, (c) qv=3L/min, (d) 396 
qv=4L/min, (e) qv=5L/min 397 
At the same time, this section takes the volume flow rates (from 1L/min to 398 
5L/min) in shell-side and a Reynolds number of 9000 in tube-side as an example, The 399 
intuitive comparative analysis on the effectiveness in the smooth and corrugated 400 
double-tube heat exchangers is studied. Compared with deionized water in the smooth 401 
double-tube heat exchanger, the effectiveness of nanofluids in the corrugated 402 
double-tube heat exchanger is improved from 64.1%, 49.8%, 35.3%, 28.3%, 25.6% to 403 
73.8%, 61.2%, 40.9%, 37.5%, 34.1% respectively. It is obtained that the nanoparticles  404 
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Fig. 11. Effects of nanoparticle mass fraction on the effectiveness of the corrugated 408 
double-tube heat exchanger, (a) qv=1L/min, (b) qv=2L/min, (c) qv=3L/min, (d) 409 
qv=4L/min, (e) qv=5L/min 410 














































































Fig. 12. The summary graph on the effectiveness with velocity, (a) smooth tube, (b) 412 
corrugated tube 413 
 414 
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addition and corrugated tube used in this experiment make the heat transfer capacity 415 
significantly higher than the traditional smooth tube and deionized water. 416 
3.3.1.4 Pressure drop 417 
For the practical application of nanofluids, studying the flow and heat transfer 418 
performances is inevitable. Adding nanoparticles into base fluid can improve the heat 419 
conductivity, but it also increases the flow resistance. This section will discuss the 420 
pressure drop of nanofluids in tube-side. 421 
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Fig. 13. Effects of nanoparticle mass fraction on the pressure drop of the two kinds of 425 
double-tube heat exchangers, (a) qv=1L/min, (b) qv=2L/min, (c) qv=3L/min, (d) 426 
qv=4L/min, (e) qv=5L/min 427 
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The results also show the pressure drop augment with the increase of nanofluids 428 
concentrations, which can be explained by that the addition of the nanoparticles 429 
increases the friction-induced property, namely, dynamic viscosity. Compared with 430 
deionized water, the pressure drop of nanofluids with ω=0.1%, 0.3% and 0.5% is 431 
improved by 2.77%, 4.38% and 6.5% at best respectively in the corrugated 432 
double-tube heat exchanger. Furthermore, Fig. 13 also shows that the different 433 
thermal fluid flow rates in shell-side hardly have effect on the pressure drop of 434 
nanofluids, which is because the thermal fluid belongs to the shell-side circuit, and the 435 
fluid flow states of thermal fluid and nanofluids do not affect each other. 436 
When comparing the pressure drop of two kinds of double-tube heat exchangers, 437 
Fig. 13 shows that the pressure drop in the corrugated tube is significantly stronger, 438 
and under the same conditions, it can be increased by 51.9% at best compared with 439 
that of the smooth tube. 440 
3.3.1.5 Comprehensive performance analysis 441 
There are many indexes for evaluating the comprehensive performance of heat 442 
exchanger, and PEC evaluation method is widely used, but it is troublesome to 443 
calculate the Nusselt number of the all experimental conditions. Therefore, EEC 444 
(efficiency evaluation criterion) is obtained as the comprehensive evaluation criteria 445 





( ) / ( )
Q Q
EEC
V P V P 
                        (12) 447 
In the formula, Q represents the amount of heat exchange rate, and V represents 448 
the volume flow rate. The Q/Q0 and the (VΔP)/(V0ΔP0) represent the ratio of thermal 449 
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transfer and the pump power consumption between the enhanced tube and the smooth 450 
tube respectively. Therefore, the EEC is also a comprehensive indicator of heat 451 
exchangers (thermal efficiency). 452 
Deionized water with the smallest mass flow rate (qv=1L/min) shows the lowest 453 
thermal performance, in order to investigate the largest heat transfer enhancement 454 
ratio, other working conditions are all compared with deionized water with qv=1L/min. 455 
According to the EEC formula, this experiment compares of nanofluids (all the 456 
experimental conditions) and deionized water (qv=1L/min) in the smooth double-tube 457 
heat exchanger. The comparison results are shown in Fig. 14(a). At the same time, all 458 
the experimental conditions in the corrugated double-tube heat exchanger are also 459 
compared with deionized water (qv=1L/min) in the smooth double-tube heat 460 
exchanger. The comparison results are shown in Fig. 14(b). 461 












































































Fig. 14. Comprehensive performance analysis of the tube-side nanofluids, (a) smooth 463 
tube, (b) corrugated tube 464 
Fig. 14 manifests that the maximum comprehensive evaluation coefficients in the 465 
smooth double-tube heat exchanger are 1.78, 1.885, 2.4, 2.91 and 3.31 respectively 466 
when the volume flow rates of thermal fluid are from 1L/min to 5L/min. And the 467 
maximum comprehensive evaluation coefficients in the corrugated double-tube heat 468 
exchanger are 1.025, 1.576, 2.01, 2.51 and 2.85 respectively when the thermal fluid 469 
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flow rates are from 1L/min to 5L/min. Through comparing the maximum 470 
comprehensive evaluation coefficient of the smooth and corrugated heat exchangers, 471 
it is indicated that the maximum comprehensive evaluation coefficient is lower in the 472 
corrugated double-tube heat exchanger under the same conditions. The reason is that 473 
in the condition of thermal fluid in shell-side and nanofluids in tube-side, although the 474 
corrugated tube can disturb the fluid to improve the heat exchange capacity, the 475 
pressure drop significantly increases, hence, the comprehensive performance index of 476 
the corrugated double-tube heat exchanger is lower. Therefore, this layout (thermal 477 
fluid in shell-side and nanofluids in tube-side) is not the best choice to obtain the best 478 
comprehensive performance of the combination of corrugated tube and nanofluids. 479 
3.3.2 Shell side-nanofluids and tube side-water 480 
The smooth and corrugated double-tube heat exchangers (nanofluids in shell-side 481 
and thermal fluid (deionized-water) in tube-side) are experimentally studied in this 482 
section respectively. The working fluids in shell-side are TiO2-H2O nanofluids with 483 
different mass fractions (=0.0wt%, 0.1wt%, 0.3wt% and 0.5wt%), the inlet 484 
temperature is 20℃, and the Reynolds numbers range from 3000 to 12000. The 485 
working fluid in tube-side is thermal fluid (deionized water) with different volume 486 
flow rates (qv=1-5L/min), and the inlet temperature is 40℃. 487 
3.3.2.1 Heat transfer rate 488 
Fig. 15 and Fig. 16 show the effects of nanoparticle mass fractions and different 489 
volume flow rates of thermal fluid in tube-side on the heat transfer rate in two kinds 490 
of double-tube heat exchanger, and Fig. 17 is a summary graph on heat transfer rate 491 
with velocity. Results show that when the thermal fluid flow rate is constant, the heat 492 
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transfer rate is improved with the Reynolds number, which is due to the increasing 493 
turbulence. Furthermore, with the increase of nanofluids concentrations, the heat 494 
transfer rate increases, and it can be also improved by the increase of the thermal fluid 495 
flow rate, and these experimental phenomena are basically consistent with the 496 
experimental conclusions in the previous experiment. However, compared with the 497 
previous experiment, the heat transfer rate (nanofluids in shell-side and thermal fluid 498 
in tube-side) is stronger that of (nanofluids in tube-side and thermal fluid in  499 























































































































Fig. 15. Effects of nanoparticle mass fraction on the heat transfer rate of the smooth 503 
double-tube heat exchanger, (a) qv=1L/min, (b) qv=2L/min, (c) qv=3L/min, (d) 504 
qv=4L/min, (e) qv=5L/min 505 
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shell-side), which is mainly because when the nanofluids flow in the shell-side, the 506 
same Reynolds number of nanofluids will cause a larger volume flow rate, which 507 
leads to the improvement of the heat transfer rate. 508 



















































































































Fig. 16. Effects of nanoparticle mass fraction on the heat transfer rate of the 512 
corrugated double-tube heat exchanger, (a) qv=1L/min, (b) qv=2L/min, (c) qv=3L/min, 513 
(d) qv=4L/min, (e) qv=5L/min 514 
As displayed in Figs. 15-17, the heat transfer rate of the corrugated double-tube 515 
heat exchanger is stronger, and it can be improved by 49.2% at best compared with 516 
smooth inner tube under the same condition. Furthermore, it can be also improved by 517 
29 
10.08%, 12.1% and 13.6% at best using nanofluids with ω=0.1wt%, 0.3wt% and 518 
0.5wt% compared with deionized water respectively. Compared the maximum 519 
thermal enhancement of nanofluids with the previous experiment, it is indicated that 520 
nanofluids with=0.1%, 0.3% and 0.5% in this experiment have lower heat transfer 521 
enhancement. This is mainly because the corrugated tube used in the experiment has a 522 
greater disturbance in the tube-side than that in the shell-side, furthermore, the larger 523 
flow rate also causes the collision and friction frequency between the solid 524 
nanoparticles and the heat transfer surface to be weak when nanofluids flow in the 525 
shell-side. 526 



















































































Fig. 17. The summary graph on the heat transfer rate with velocity, (a) smooth tube, (b) 528 
corrugated tube 529 
3.3.2.2 NTU 530 
In a heat exchanger, the NTU and effectiveness are two important indicators for 531 
evaluating the overall thermal performance. The NTU results of smooth and 532 
corrugated double-tube heat exchangers are demonstrated in Fig. 18 and Fig. 19 533 
respectively. The summary graph on the NTU with velocity is shown in Fig. 20. 534 
The NTU trends of this experiment don't show a tendency to increase firstly and 535 
then decrease. This can be explained that the flow rate of nanofluids in the shell-side 536 
is larger than that in the tube-side under the same Reynolds number, the NTU is 537 
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determined from the overall heat exchanger, which varies with the flow rates in 538 
shell-side and tube-side. 539 











































































































Fig. 18. Effects of nanoparticle mass fraction on NTU of the smooth double-tube heat 543 
exchanger, (a) qv=1L/min, (b) qv=2L/min, (c) qv=3L/min, (d) qv=4L/min, (e) 544 
qv=5L/min 545 
Figs. 18-20 also show that when the thermal fluid volume flow rate is constant, 546 
as the Reynolds number in shell-side increases, the NTU also increases 547 
correspondingly. Increasing Reynolds number in shell-side can significantly improve 548 
the thermal performance at this time. Furthermore, under the same thermal fluid flow 549 
rate, the NTU can be improved by 42.8% at best in the corrugated double-tube heat 550 
31 
exchanger. 551 




















































































































Fig. 19. Effects of nanoparticle mass fraction on NTU of the corrugated double-tube 555 
heat exchanger, (a) qv=1L/min, (b) qv=2L/min, (c) qv=3L/min, (d) qv=4L/min, (e) 556 
qv=5L/min 557 
















































































Fig. 20. The summary graph on the NTU with velocity, (a) smooth tube, (b) 559 
corrugated tube 560 
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3.3.2.3 Effectiveness 561 
The variations of effectiveness against Reynolds number in shell-side are 562 
depicted in Fig. 21 and Fig. 22, and the summary graph on the effectiveness with 563 
velocity is shown in Fig. 23. The influence of different nanoparticle mass fractions 564 
and thermal fluid flow rates on the effectiveness is discussed. With the increase of the 565 
nanofluids concentration and Reynolds number, the effectiveness increases 566 
correspondingly. And the effectiveness is stronger in the corrugated double-tube heat  567 










































































































Fig. 21. Effects of nanoparticle mass fraction on the effectiveness of the smooth 571 
double-tube heat exchanger, (a) qv=1L/min, (b) qv=2L/min, (c) qv=3L/min, (d) 572 
qv=4L/min, (e) qv=5L/min 573 
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exchanger under the same condition. 574 
In order to intuitively express the influence of the nanofluids concentration on 575 
the effectiveness, this experiment takes the flow rate in tube-side qv=5L/min and 576 
Reynolds number in shell-side Re=9000 as an example for comparative analysis. 577 
When the working medium in shell-side is deionized water, the effectiveness of the 578 
corrugated double-tube heat exchanger is 37.9%, and the effectiveness of nanofluids 579 
with ω=0.1wt%, 0.3wt% and 0.5wt% can reach 40.6%, 41.2% and 41.6%  580 











































































































Fig. 22. Effects of nanoparticle mass fraction on the effectiveness of the corrugated 584 
double-tube heat exchanger, (a) qv=1L/min, (b) qv=2L/min, (c) qv=3L/min, (d) 585 
qv=4L/min, (e) qv=5L/min 586 
34 
respectively. 587 
Furthermore, intuitive comparative analysis of the effectiveness of two kinds of 588 
double-tube heat exchangers can be also obtained from Figs. 21-23. This experiment 589 
takes the volume flow rates in tube-side (from 1L/min to 5L/min) and the Reynolds 590 
number in shell-side Re=9000 as an example, for the combination of deionized water 591 
and smooth double-tube heat exchanger, the effectiveness can reach 65.1%, 51.7%, 592 
43.4%, 38.8% and 34.8% under different volume flow rates respectively. For the 593 
combination of nanofluids and corrugated double-tube heat exchanger, the 594 
effectiveness can reach 77.2%, 61.3%, 52.1%, 49.2% and 41.6% under different 595 
thermal fluid flow rates respectively. From the comparison, it can be found that 596 
although the effectiveness decreases with the thermal fluid flow rate, the combination 597 
of the corrugated tube and nanofluids can obviously improve the effectiveness of the 598 
double-tube heat exchangers. 599 










































































Fig. 23. The summary graph on the effectiveness with velocity, (a) smooth tube, (b) 601 
corrugated tube 602 
3.3.2.4 Pressure drop 603 
In the experiment of this section, the shell-side working fluid is nanofluids. 604 
Therefore, in the smooth and corrugated double-tube heat exchangers, this experiment 605 
mainly studies the variation of the shell-side pressure drop. Fig. 24 presents the 606 
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effects of nanofluids concentration and thermal fluid flow rate on the pressure drop of 607 
smooth and corrugated double-tube heat exchangers. Fig. 24 manifests that there is 608 
almost no difference in the pressure drop of nanofluids when the thermal fluid volume 609 
flow rate changes, which is mainly because that the thermal fluid and nanofluids are 610 
two independent loops, and the flow states between the two fluids do not interfere 611 
with each other. 612 
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Fig. 24. Effects of nanoparticle mass fraction on the drop pressure in shell-side of the 616 
smooth and corrugated double-tube heat exchangers, (a) qv=1L/min, (b) qv=2L/min, (c) 617 
qv=3L/min, (d) qv=4L/min, (e) qv=5L/min 618 
36 
Through the comparison between the pressure drop of the two kinds of 619 
double-tube heat exchanger, it is indicated that the pressure drop in the corrugated 620 
double-tube heat exchanger is significantly stronger, and the maximum increase in 621 
pressure drop can reach 40.7% under the same thermal fluids flow rate, which also 622 
shows that the increase is smaller than that of the previous experiment. 623 
Furthermore, the viscosity of the nanofluids is higher than that of the deionized 624 
water, so that the nanofluids have a greater flow resistance than the deionized water. 625 
In the corrugated double-tube heat exchanger, the pressure drop of nanofluids with 626 
=0.1wt%, 0.3wt% and 0.5wt% is improved by 2.77%, 3.89% and 5.97% at best 627 
compared with deionized water respectively. Therefore, the influence of the 628 
nanoparticle concentration on the pressure drop is smaller than the disturbance of the 629 
corrugated tube. 630 
3.3.2.5 Comprehensive performance analysis 631 
The EEC formula in this section considers the heat transfer rate and the 632 
shell-side pressure drop. Fig. 25(a) compares all experimental conditions of 633 
nanofluids (=0.0wt%, 0.1wt%, 0.3wt% and 0.5wt%) in the smooth double-tube heat 634 
exchanger with deionized water (qv=1L/min) in the smooth double-tube heat 635 
exchanger. Fig. 25(b) provides a comprehensive comparison between all experimental 636 
conditions of nanofluids (=0.0wt%, 0.1wt%, 0.3wt% and 0.5wt%) in the corrugated 637 
double-tube heat exchanger and deionized water (qv=1L/min) in the smooth 638 
double-tube heat exchanger. Fig. 25(a) presents that when the thermal fluid flow rates 639 
are from 1L/min to 5L/min, the maximum EEC values are 1.06, 1.79, 2.27, 2.84 and 640 
3.37 respectively. In Fig. 25(b), the maximum EEC values are 1.15, 1.88, 2.38, 3.01 641 
37 
and 3.56 respectively. It can be intuitively seen from the EEC that when the flow 642 
pattern of the thermal fluid in tube-side and nanofluids in shell-side is selected, the 643 
maximum comprehensive performance index of nanofluids and corrugated tube 644 
combination is stronger than that of nanofluids and smooth tube combination under 645 
the same thermal fluid flow rate. Therefore, the selection of the nanofluids flowing in 646 
the shell-side can not only reflect the heat transfer enhancement of the nanofluids, but 647 
also reflect the thermal performance of the corrugated tube. 648 

















































































Fig. 25. Comprehensive performance analysis of nanofluids in the shell-side, (a) 650 
smooth tube, (b) corrugated tube 651 
The comparative analysis of this experiment and the previous experiment are 652 
studied. In the previous experiment, it has been concluded that when the nanofluids 653 
flow in the tube-side, the pressure drop of nanofluids can be improved by 51.9% at 654 
best. However, when the nanofluids flow in the shell-side, the pressure drop can be 655 
improved by 40.7% at best. Furthermore, nanofluids flow in the shell-side can also 656 
have a greater heat transfer rate, which is mainly due to the less contact with the 657 
external environment, and when the Reynolds number of the nanofluids is kept 658 
constant, nanofluids flowing in the shell-side will have a larger flow rate, then the 659 
heat transfer rate becomes larger. Therefore, regardless of the actual application, or 660 
the comparison of comprehensive performance, the choice of thermal fluid in the 661 
38 
tube-side and nanofluids in the shell-side will be more appropriate. 662 
4 Conclusion 663 
The thermal performance and pressure drop of nanofluids in the smooth and 664 
corrugated double-tube heat exchangers are experimentally investigated, and the 665 
experimental results are compared between these two kinds of double-tube heat 666 
exchangers. Some main conclusions are obtained as follows:  667 
(1) TiO2-H2O nanofluids with =0.1wt%, 0.3wt% and 0.5wt% have better 668 
thermal performance than the deionized water, the heat transfer rate can be improved 669 
by 10.8%, 13.4% and 14.8% at best respectively, and the pressure drop of nanofluids 670 
can be increased by 2.77%, 4.38% and 6.5% at best respectively.  671 
(2) The thermal performance of the corrugated double-tube heat exchanger is 672 
significantly stronger than that of the same size smooth double-tube heat exchanger. 673 
But the pressure drop of nanofluids in the corrugated double-tube heat exchanger is 674 
also significantly stronger, and it can be increased by 51.9% (tube-side) and 40.7% 675 
(shell-side) at best. 676 
(3) When using both nanofluids and corrugated tube, the overall thermal 677 
performance is significantly enhanced, which reflects in the increase of the NTU and 678 
effectiveness. NTU can be improved by 47.5% at best. However, for thermal fluid in 679 
the shell-side, the NTU and effectiveness decrease firstly and then increase with the 680 
increase of Reynolds number.  681 
(4) When nanofluids flow in the tube-side, the comprehensive performance index 682 
of the corrugated tube is lower than that of the smooth tube under the same 683 
39 
conditions. 684 
(5) When nanofluids flow in the shell-side, the comprehensive performance 685 
index is stronger than that of the smooth tube under the same condition. Therefore, in 686 
practical applications, it is more reasonable to select the flow mode of thermal fluid in 687 
the tube-side and nanofluids in the shell-side. 688 
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